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The spat ia l ly  resolved index of refraction of a 4m bore by 
lOcm long argon discharge tube has been investigated with a dual 
wavelength heterodyne interferometer. Measurements were made at 
pressures of 0.05 Torr, O. lTor r ,  and 0.3 Torr for  discharge cur- 
rents  of less than one ampere. 
the two probe wavelengths (A=6328A and h=11523A) caused by a 
change in discharge current have been at t r ibuted pr imar i ly  t o  the 
production of plasma electrons and metastable atoms. 
contribution from a possible radial gas motion was not observed. 
Thus, equations were written fo r  the electron and metastable 
densities i n  terms of the  observed index change at the  two probe 
wavelengtht;. The values thereby calculated were plotted against 
current f o r  different radial positions and f i l l  pressures. 
the radial distribution of electrons was studied i n  the 0.1 Torr 
discharge f o r  a current of 27Oma. 
prof i le ,  the dominant electron loss  process was confirmed t o  be 
ambipolar diffusion rather than free-fall t o  the walls. 
The index of refraction changes at 
0 0 
The 
Finally, 
By the shape of the experimental 
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CHAPTER I 
INTRODUCTION 
1.1 Purp ose of Research 
During the past several years, a great deal of in te res t  has 
been focused on the development of argon-ion lasers. The present 
research is  one outgyowth of this in te res t .  It i s  now believed that 
the first s tep i n  the exc‘itation mechanism of the argon laser 
involves electron impact on the  atm ground and metastable states. 
Thus, it is desirable to how the magnitude of the electron and 
metastable densit ies as a f’unction of discharge current. 
of this experiment, therefore, was to make density measurements in a 
laser-like argon discharge tube. A dual-wavelength laser heterodyne 
bAterfermeter was m p h j j e d .  ?l-iLs i s  a versatile device that senses 
index of refraction changes i n  a plasma m e d i u m  which undergoes 
density variations. 
i n t e r f e rme te r  have been described previously ,ls2 but w i l l  be 
reviewed again here. 
The purpose 
The concept and performance of such a laser 
1.2 Contents of Report 
This report has been organized in to  f ive chapters. ?“ne contents 
of Chapter I are known. 
proposed argon laser mechanisms. 
Chapter I1 begins w i t h  a discussion of the 
The remaining sections i n  
2 
Chapter 11 describe the theory of the laser interfermeter and give 
an analysis for  the refractive index of an argon discharge. 
The contents of Chapter I11 describe the specif ic  apparatus. 
This includes both the laser interferaneter and the discharge tubes. 
The resu l t s  of the measurements and a discussion of the resu l t s  
are given i n  Chapter IV. 
Final ly ,  the material i n  the last chwter  summarizes the work 
done and indicates where future ef for t s  and investigation can be 
made. 
step of the process i s  the production 
electron impact on both the unexcited 
CHAPTER Ir 
PRELIMINARY CONSIDERATIONS 
2,l Introduction 
This research was i n i t i a l ly  undertaken t o  study a plasma which 
resembled that of an argon laser. In  order t o  indicate a pract ical  
reason for undertaking such a study, we will begin by showing that 
the electron and metastable a t m  densit ies are among the  important 
quantities which appear i n  the currently proposed laser excitation 
scheme. 
using a laser system for  measuring a plasma's index of refraction. 
Then i n  the last section of this chapter, expressions are obtained 
for the index of refraction of an argon discharge i n  terms of the 
number of electrons, ions, and neutral  and metastable a t m  which 
carrprise the plasma. 
Following this discussion, we introduce the concept of 
2.2 
The excitation process of the cw or quasi-cw argon laser has 
been studied quite extensively by E. F. Labuda et  a1.3 
of their work show that the  appropriate mechanism involves a three 
level  system euch as the one represented i n  Figure 2.1. The first 
The resu l t s  -- 
of unexcited argon ions by 
neutral  atms and the neutral  
3 
4 
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Figure 2.1 Schematic Representation of 
Argon Laser Processes. 
5 
metastable atoms. 
stable against e lec t r ic  dipole radiation. 
A meatastable atom is one whose configuration is  
The lifetime of such an 
atom is often as long as 
of these atoms may readily exist i n  a typical discharge. 
seconds so tha t  an appreciable number 
liz the next step, the upper laser level  i s  populated through 
electron impact on the unexcited ions and on the  various metastable 
ions. It was once believed that the upper laser level  was populated 
t o  an appreciable extent by the direct  process of electron impact on 
the atom ground state. 4 Recent measurements indicate, however, that  
t h i s  direct  excitation i s  of relatively minor importance f o r  cw or  
quasi-cw lasers. 5 
Finally, i n  order for laser action t o  occur, it i s  necessary t o  
sa t i s fy  the condition of population inversion. That is ,  the number 
of ions i n  the upper laser level must be greater than the number i n  
some lower level,  and of course these levels must be radiatively 
connected. 
such a lower level is the occurrence of a strong ultra-violet 
radiative t ransi t ion t o  the  ion ground state. 
The principle mechanism for  suff ic ient ly  depopulating 
From t h i s  br ief  description, therefore, one w i l l  recognize the 
important role  of the electrons and various metastable species 
present i n  the laser plasma. 
overall l aser  process we may now consider the fundamental aspects of 
an experimental method which is ultimately used fo r  measyring 
electron and metastable densities i n  a laser-type =goo discharge 
Thus, with t h i s  perspective on the 
6 
tube. 
2.3 Plasma Measurements With a Laser System 
In order t o  develop the mech&nics behind the  expef%nental 
technique used i n  these studies, we w i l l  begin by considering a 
simple laser cavity of gecmetric length L . 
represented i n  Figure 2.2.  
w i l l  osc i l la te  and i n i t i a l l y  treat the si tuat ion where no plasma 
tube i s  present. 
integral  number of half wavelengths between the mirrors. 
Quantitatively 
Such a system is 
We assume that only longitudinal modes 
The condition fo r  resonance is  tha t  there be an 
h L = q -  2 
where q 
wavelengths i n  L and we  assme that the region between mirrors has 
a unit index of refraction. 
equals the longitudinal mode number or the number of half 
If we now put a plasma medium with length R and refract ive 
index n in to  the laser cavity , L m u s t  be interpreted as an 
opt ical  path length and Equation 2 . 1  becmes 
Solving f o r  h , 
If the index of the p lasm i s  now changed by An , the corresponding 
7 
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Figure 2.2, Simple Laser Cavity 
8 
change AX i n  wavelength i s  
2R AX = - An . 
q 
and A v = - -  AA , w h e r e  c is the C U s i n g  the substitutions v = -  A A 2  
free space velocity of l igh t ,  Equation 2.4 can be solved f o r  the 
change i n  the resonarit frequency of the cavity with the resu l t  
(2.5) . An . 
P 
IY we assm n 2 1 so that (n-l>a << L , muation 2.2 gives that 
qX - 2 L  . % Then Equation 2.5 becanes 
a 
L A v = - v - A n  . 
A t  this point w e  consider the possibi l i ty  of measuring the frequency 
shift Av . Since we  require enough sensi t ivi ty  i n  our method t o  
observe frequency shifts .~10 4 5  - 10 Hz , no available direct  
1 4  frequency detection for  frequencies ~ 1 0  Hz could measure the 
necessary one part  i n  lo1' . Fortunately, there is  an alternative 
scheme called optical  heterodyning. 
t o  m e a s u r e  the direct  frequency of the single cavity system by 
canbining the outputs of two lasers and measuring the resultant 
difference or beat frequency. The basic arrangement is givqn i n  
Figure 2.3. 
It circumvents the necessity 
The specification that the spherical mirrors be closely 
I q I I 
PI I 
7 
w w- 
\\\\\\\\\\\\\\\ 
M 
cu 
5 Frc 
10 
coupled and the flat  be c m o n  t o  both lasers is  not fundamental t o  
the present argument. 
enhanced frequency s t ab i l i t y  and will be mentioned again i n  Chapter 
I11 with regard t o  the  actual apparatus used. 
However, such an arrangement leads t o  
We w i l l  now give a brief analysis fo r  two lasers operating 
Assume first that no plasma each i n  a single longitudinal mode. 
tube is  present. 
plane wave 
Let the radiation from the reference cavity be a 
Er = Arsinwrt . 
Siniilarly, fran the signal laser, 
Es = Assin(w t t o )  , S 
(2.7) 
where (I is an arbitrary phase angle. 
If these two electrk riel& ELTT sqx r i i i p~szd  as ir?dks,ted k, 
Figure 2.3, the f i e ld  incident on the photmult ipl ier  tube is  
E. 1 = Es+ Er = Assin(wstt$)+ Arsinwrt . ( 2 . 9 )  
Since the current frm a photmultiplier tube is  proportional t o  
the intensity of the incident radiation and since the photmultiplier 
tube has a limited frequency response, the photomultiplier output 
, 
E; + E: current i s  
ia .:I = ( >+ ErEScos[ (ws-wr)t-+]  . (2.10) 
Within detector 
bandwidth 
8 
1 '  
I 
I 
I 
# 
8 
I 
1 
1 
I 
I 
I 
8 
8 
1 
1 
I 
I 
11 
The first term on the right hand side (R.H.S) of Equation 2.10 is 
the D.C. c q o n e n t  which produces shot noise i n  the detector. 
second term is  the A.C. 
frequency between the lasers. Thus, since vr 2, v a measure of 
the beat frequency can be a very sensit ive way f o r  determining 
shifts i n  the output frequency of one of the lasers. 
The 
signal component and gives the beat 
S 
We now place a plasma tube i n  the signal laser cavity and 
consider the effect on the  beat frequency of changing the plasma's 
index. U s i n g  Equation 2.6, the beat frequency shift is 
A ( v  -V ) - 'An . (2.11) s r  - -vs E 
Note that the frequency i n  Equation 2.6 is  the cavity resonance 
frequency, whereas the beat frequency expressions are i n  terms of 
the output frequencies. 
but in a cmpl imted  
Indeed these two frequencies are related 
Fnr tm2te l37 ,  fer the ce~rlitirrns of' this 
experiment, these two frequencies can be interchanged w i t h  less 
than 2% error.  7 
Now that a method is available for measuring small frequency 
shifts, it is  necessary t o  look more carefully in to  the causes of 
the change. 
2.4 The Index of Refraction of the Argon Discharge 
We w i l l  assume that an argon discharge consists of electrons, 
ions, metastable atams, and neutral atms. The first three of 
8 
1 .  
1 
I 
I 
1 
8 
I 
I 
1 
I 
8 
I 
8 
I 
I 
I 
I 
I 
12 
these species are formed frm the latter under suitable conditions. 
The manner i n  which the presence of these various plasma 
constituents affect the refractive index of the discharge w i l l  now 
be considered i n  de ta i l .  
1. Electronic Dispersion 
The change Ane i n  the re f rac t ive  index due t o  an electron 
density change ANe i s  determined as follows. The 
dispersion equation for  a cold plasma is  8 
(2.12) 
where K ( W )  i s  the dielectric constant of tb plasma. The 
quantity 
the electron density 'Ne by 
i s  the electron plasna frequency and is  related t o  
(2.ijj 
where e is  the electronic charge i n  e lec t ros ta t ic  units and m 
is  the electron's mass i n  grams. 
permeability pr  of a plasma is approximately unity, the 
Thus, since the relat ive 
refractive index due t o  electrons is 
(2.14) 
If the R.H.S. of Equation 2.14 i s  now expanded i n  a b i n d a l  series 
I 
1 
1 
I 
I 
R 
I 
I 
I 
I 
8 
I 
I 
I 
1 
I 
1 
I 
8 
13 
2 assuming w >> w2 we obtain that  
P 
2 - 
2neZ 1 w % ne(o) = 1 - -E = 1 - -(-IN m 2 e '  w 2 2w 
The validity of the above inequality i s  readily checked. A t  opt ical  
frequencies w2 Q 1030(rad/sec)2 . For a value of N = 10 13 cm -3 , e 
w2 = 3.2~10 22 (rad/sec)2 . Thus the assumption w 2 >> u2 i s  indeed 
P P 
jus t i f iab le .  
Upon differentJating Equation 2.15, the index change Ane(w) 
due t o  a density change ANe is 
(2.16) e2 1 e 2.rrm v2 'Ne 
= - - -  
Fran Equation 2.11, the resultant beat frequency shift 
electrons alone i s  
Ave due t o  
e2 R 1 
e 2nm L v - ANe . a v  = - -  
At this point it is  perhaps instructive t o  substi tute sane numbers 
in to  Quat ion 2.17. Table 2.1 lists the resul ts  fo r  a 10 cm long 
discharge tube i n  an 86 cm cavity. 
correspond t o  the well-known helium-neon laser l ines at 6328 A and 
11523 A . 
The frequencies chosen 
0 
0 
8 
I .  
8 
I 
I 
1 
I 
I 
1 
8 
I 
- 8  
I 
I 
I 
1 
1 
8 
. 
a 
2. 
3 Ne electrons/cm 
1 4  
0 
= 6328A 'visible 14 
Ave(v=4. 75x10 Hz) 
0.98 lc~z 
9.8 
98.0 
0 
AIR = 11523A 
Ave (v=2.6xlO Hz: 14 
1.8  HZ 
18.0 
180.0 
Table 2.1 Predicted Electronic Beat Frequency 
Shifts at Two Laser Wavelengths, 
Neutral A t a m  Refractive Index 
3 The index of refraction no(w) f o r  No argon atcsns per cm 
9 has been measured and sat isf ies  the following relationship 
4.25 2 27~e ( no(w)-l = -m 30 2 )No ' 671x10 --w 
(2.18) 
For the two laser frequencies used i n  this experiment, namely 
u2 = 8.88~10~ '  and u2 = 2 . 6 8 ~ 1 0 ~ '  (corresponding t o  the wave- 
lengths A = 6328A and A = 11523A) , Equation 2.18 is  
approximately independent of frequency w i t h  the value 
0 0 
2 
no-1 = -  IT me ( 0 . 6 3 4 ~ 1 0 - ~ ~ ) N ~  . 
Thus, if the neutral  atm density in a par t icular  region of 
the  discharge changes by an amount 
in forming electrons, e tc .  or due t o  fluctuations caused by local  
heating, the resultant index change Ano i s  
ANo , e i ther  due t o  consumption 
Cmbining 
following 
2 
- -   *ITe ( 0 . 6 3 4 ~ 1 0 - ~ ~ ) A N ~  . 
AnO m 
Equation 2.20 with Equation 2.11, then, gives the 
beat frequency shif t  Avo : 
2 
Avo - -V -- R 21re ( 0 . 6 3 4 ~ 1 0 - ~ ~ )  ANo . L m  
(2.20) 
(2.21) 
3. Atcanic Dispersion 
The index of refraction ni(w) f o r  Ni atms per cm 3 in the 
10 ith excited state i s .  
(2.22) 
where fik i s  the absorption osc i l la tor  strength fo r  the 
t ransi t ion frm the ith lower state t o  the kth upper state, and 
i s  the frequency of the radiation emitted i n  the reverse 
t ransi t ion.  Equation 2.22 holds as long as w2 i s  not "too" 
wik 
i 
2 > o  close t o  wik . In  terms of wavelengths, I hik- X 1 %  IA . If a 
resonance condition exis ts  so  tha t  Equation 2.22 no longer holds, 
an expression which includes col l is ional  damping effects  must be 
I 
I 
I 
8 
I 
I 
I 
I 
I 
16 
used. 
i s  not required in this analysis of argon. 
Fortunately, the added canplication of such considerations 
In order t o  proceed further it i s  necessary t o  examine the 
argon spectrum. 
Wavelength Tables12 
With reference t o  the l i s t ings  i n  the M.I.T. 
and C.E. Moore's multiplet table13 there are 
no A I  or  A I 1  ( A I  and A I 1  refer respectively t o  neutral  and 
ionized argon) lines within 20A of either 6328A or  11523A . W i t h i n  0 0 0 
0 0 
lOOA of 6328A there are 10 A I  l ines  and 3 A I 1  l ines ,  none of which 
0 
however end on a lower level which i s  metastable. Within lOOA of 
11523A there are no A I 1  lines. There is one A I  t ransi t ion.  It 
occurs at 11488A and ends on a level whose resonance radiation i s  
0 
0 
trapped, causing this level to be effectively metastable. 
The cpnsequences of the above fac ts  i n  terms of the i r  
relevance t o  the index of refraction are  the following. F i r s t ,  
.since none of tne argon transitions w e  resoriait w i t i i  the two 
helium-neon laser  l ines,  index of refraction anomalies are not 
expected. Secondly, it i s  noted frm Equation 2.22 that the index 
is  directly proportional t o  the density of atans in the lower 
excited state. Thus i f  t h i s  state is  metastable, containing a 
relatively large number of atms, the resultant index contribution 
may readily be significant.  The extent t o  which a p m i c u l a r  
t ransi t ion involving a metastable or effective metastable level 
(e.g. the 11488A l ine )  effects the index depends of course on i ts  
osci l la tor  strength and proximity t o  the probe wavelengths. 
0 
A 
. 
1 7  
detailed canputation is  therefore required. 
4. Index of Refraction for "Metastable" Atms 
A reasonable starting point for this calculation w i l l  be t o  
t ransi t ions which i d e n t i 0  the argon 'hetastable" states and 
involve these levels. A p a r t i a l  Grotrian or energy level  diagram 
is  given i n  Figure 2.4. 
notation. In this system, the small letters s,p,d,f, e tc .  refer 
The term designations are in  Paschen 
t o  the orb i ta l  angular mamentum, R 
correspond t o  R = 0,1,2,3, e t c . ,  respectively. The remaining 
of the  jumping electron and 
numbers, however, have no quantum mechanical significance and 
serve only t o  label the various levels.  l4 Paschen notation was 
chosen f o r  the present work because of i t s  simplicity and wide 
usage. 
Referring t o  Figure 2.4, the Is and Is levels are 3 5 
metastable levels i n  the  true sense since they are stable against 
e l ec t r i c  dipole radiation t o  the lpo ground state. The levels 
Is2 and ls4 both radiate i n  the ul t raviolet  t o  the A I  ground 
state with short natural  lifetimes (~2x10-gseconds) . However, 
f o r  discharges i n  which the density of 
(>lo 
Is2 and 1s4 levels effectively metastable .15 Optical 
absorption measurements made at Bell Telephone Laboratories 
indicate t ha t  the population densit ies of all four Is levels 
have canparable magnitudes. 
A I  ground states i s  high 
1 4  , this resonance radiation i s  trapped, making the 
16 
13 
12 
m e w  11 
10 
9 -  
18 
s s s s  2 3 4 5  p2 p3 p4 p5 p6 p7 p8 pg plo 
\-\-=-,,,-\- Ionization Limit 
(15.8 ev) 
3 
lr 
t o  Is,, 
3 
5 
t o  is - 
t o  1s4 i 
t o  Is 
level 
level 
level 
level 
leve 1 
level 
leve 1 
level 
Figure 2.4 P a r t i a l  Fnergy Level Diagram for A I .  
the above transition notation is as follows. 
arrow fra the 3p1 level t o  the horizontal line 
labelled "to Is2 level" indicates a radiative transition 
between the 3p1 and the Is2 states) ,  
(An example of 
The 
I 
1 -  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
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Before proceeding f'urther, it i s  desirable t o  write downthe b& 
format fo r  determining the index of refraction change, Anl, due t o  
the formation of a t o t a l  metastable density, N , ( c ~ - ~ )  . 
the use of the single word metastable w i l l  be made without further 
(Henceforth 
specifying the ''true" or  "effective" nature of the Is levels).  In 
a simple form, 
The first term on the R.H.S. of Equation (2.23) i s  the contribution 
due t o  the jumping  electron alone and thus i s  calculated by a direct  
application of Equation 2.22 to  the four levels with the sun 
terms including the appropriate trarisitions shown i n  Figure 2.4 . 
The second term i n  Equation 2.23 is  the  index contribution of the 
excited atom less the par t  due j u s t  t o  the jumping glectron. 
Finally, the last term on the  R.H.S. of Equation 2.23 accounts f o r  
the N1 ground state atcrns l o s t  i n  producing the N1 excited 
atoms. Implicit i n  this statement is the assumption of a simple 
excitation process which provides metastable atms directly from 
ground state atoms. 
However, these intermediate processes occur very rapidly so that the 
Is 
In  r e a l i t y  the process may involve many steps. 
assumption of losing a ground state atm for  each metastable 
produced should be quite accurate. 
The index of refraction due j u s t  t o  the jumping electron w i l l  
now be determined. Tables 2.2 - 2.4 list the wavelengths, 
20 
frequencies, level designations, and osc i l la tor  strengths fo r  the  
transit ions indicated i n  Figure 2.4 . 
Bureau of Standards has not issued a "best" value l i s t i ng  f o r  the 
argon osc i l la tor  strengths, and the  values published by various 
authors sanetimes differ appreciably. 
i n  the present tables, attention was given t o  the claimed accuracy 
and the consistency with which a par t icular  value appeared i n  the 
literature. 
of the tables. 
parentheses beside this nunber desigmtes that this experimental 
value is due t o  H.N. Olsen, 
t o  the continuum w e r e  obtained using the Thamas-Kuhn-Reiche f-sum 
rule by assuming a single excitation process.lg This application 
of the sum rule  gives an upper limit for  the f value associated 
with the continuum. 3p 
levels are lumped in to  the Continuum, a reasonable approximation 
since there is  a relatively small energy separation between the 
levels and the A I  ionization limit. 
Unfortunately, the National 
In  choosing the values l isted 
A reference for  each value i s  given i n  the last column 
Reference 18 is a ccanpilation. The le t ter  "0" i n  
The osc i l la tor  strengths for  excitation 
It i s  also noted that the higher lying 
3p 
Upon substi tuting the values fran Tables 2.2 - 2.4 in to  
Equation 2.22 we obtain the following long expression for  the index 
of the jumping electron. 
e 
at 
t 
# 
E 
- 
11488.11 
9784 50 
9354 22 
9224.50 
8578 05 
8521.44 
8408.21 
8264.52 
7503 87 
4702.32 
4628.44 
4596.10 
4589.28 
4510.73 
4345 17 
4333 56 
4335 34 
4259 36 
i 
1 
:ont inuum 
Frequency 
w ( radhec)  i k  
1.644~10~~ 
1.93~10’~ 
2. 05xd5 
2.02X1o15 
2.20~10~5 
2.22X1o15 
2. 24xd5 
2. 28xd5 
2. 5 k d 5  
Include 
these i n  
continuum 
z6.0~10 15 
21 
?%pper Level 
Designat ion 
310 
@7 
@5 
3 4  
2p3 
3 2  
a1 
$10 
$7 
75 
$4 
$3 
$2 
9,l 
@8 
@6 
$8 
?6 
it%wer 
Level 
Iesignation 
Is 2 
11 
11 
11 
11 
11 
II 
11  
11 
11  
11 
11  
I1  
I1  
II 
II 
II 
11 
Iscilla- 
;or 
Strength 
i k  
I. 00356 
I. 0256 
I. 125 
I. 00842 
Jegligibl! 
I. 115 
I. 274 
1.134 
I. 122 
I. 1512~ 
‘Obtained using the f-sum rule  with Cf = 1 , 
Table 2.2 Absorption Oscillator Strengths fo r  Transitions 
t o  the Is2 Effective Metastable Level. 
Wavelength 
0 
Xik(A)  
9657 78 
8424.65 
8103.69 
8006.16 
7514 65 
7471.65 
7383.98 
7272 94 
6677 30 
4363 79 
4300.10 
4272.17 
4266.29 
4198.32 
4054.52 
4044.42 
4045.96 r 3979 71 
Continuum 
Frequency 
oik ( r adhec  
1.95~10~~ 
2. 24xd5 
2. 32xd5 
2. 36xd5 
2. 5 h d 5  
2.53~10'~ 
2. 56xd5 
2. 5 9 ~ 1 0 ~ ~  
2. 83xd5 
Include 
these 
i n  
Continuum 
t6. 3xd5 
22 
kt%Jpper Lever 
Designat ion 
a10 
a7 
&5 
2p4 
&3 
+2 
.@l 
3p10 
'7 
3p5 
3 4  
$3 
3 2  
'1 
@8 
2p6 
'8 
'6 
t h  i Lower 
Level 
Designat io1 
Is 4 
I f  
11 
II 
11 
I? 
II 
11  
II 
II 
I 1  
11 
I 1  
f I  
I? 
11 
II 
11 
Oscilla- 
t o r  
Strength 
f ik  
0.0658 
0.247 
0.191 
0.0816 
0.108 
O.OO301 
0.118 
0.128 
Negligibl 
.057a 
aObtained using the f-sun ru l e  with C f  = 1 . 
Table 2.3 Absorption Oscillator Strengths for Transitions 
t o  the lsll Effective Metastable Level. 
b 
4 
Wave length 
0 
Xik(A) 
~ 
10470.05 
8667.94 
7948.18 
7724.21 
4522.32 
4191.03 
4181.88 
Continuum 
9122 97 
8115.31 
8014.79 
7723 76 
7635 11 
7147.04 
7067.22 
6965 43 
4251.19 
4200.68 
4190.71 
4164.18 
4158 59 
3947 50 
3948 98 
Continuum 
I 
Frequency 
ik (rad/sec 1 
1. 80x1oi5 
2.18~10~~ 
2. 37xd5 
2.44~10~~ 
Include 
these i n  
continuum 
26. 14xd5 
2.07 
2.32 
2.36 
2.46 
2.48 
2.64 
2.67 
2.71 
Include 
these i n  
continuum 
23 
4ktrpper I 
Designation 
i thL wer 
Level 
De signat i on 
3 Is 
I 1  
I1  
ri 
I 1  
11  
I 1  
11 
5 Is 
11 
11 
11 
11  
11 
II 
I1 
I1  
1t 
11  
I 1  
11 
I t  
I? 
11  
Obtained using the f-sum rule  with cf = 1 . a 
1s c i  lla- 
or  
‘trength 
f i k  
1,0435 
1.108 
1.417 
) *  327 
I .  105a 
1.130 
I.214 
I .0720 
b.0295 
).178 
I.00597 
1.0428 
1.0233 
1.304” 
Table 2.4 Absorption Oscillator Strengths for  Transition 
t o  the Is and Is Metastable Levels. 3 5 
24 
0.0256 
15 2 2 +' + 
0.00356 2 (n(d- l )J ,e  = 2'e {N [ 
"2 (1.644~10 l5 ) -W (1.93~10 ) -W 
0.134 + 0.122 
t 15 2 2 + *  
0.274 
* +  
(2.24~1O~~)~-u~ (2.28~1O~~)~-w~ (2.51x10 -w 
0.0435 +. 
15 2 2 ]+ N [ 152 2 "3 (1.8~10 ) -w 
* +  
(6.0~10 ) --w 
0 * 327 
15 2 2 +' + 
0.108 0.417 
152 2 +  * +  (2.18~10 ) -w (2.37~1O~~)~-w~ (2.44~10 ) --w 
0.066 
15 2 2 + *  * +  0*185 ]tN [ (6.14~10 l5 -w "4 (1.95~10 ) -w 
0.0816 +. 
15 2 2 t 0.191 + 
0.247 
* +  
(2.24~10~~)~-~~', (2.32~10~~)~-w~ (2.36~10 ) --w 
0.00301 + 0.118 
15 2 2 +' t 
0.108 '+ 
(2. 5 l d 5 )  2-w2 (2. 53x1015)2-u2 (2.56~10 ) -w 
1 +' 15 2 2 
0.057 t 0.128 * +  
(2. 59x1015')2-w2 (6.3~10 -w 
0.214 
15 2 2 +' + 
0.130 *+  Nls [ 
5 (2.07~10~~)~-w~ (2.32~10 ) --w 
. 
25 
n 
0.178 
15 2 2 " t 
0.072 0.0295 *t 
(2.36~1O~~)~-w~ (2.46~1O~~)~--w~ (2.48~10 ) -w 
0.0233 +. 
152 2 '+ 0.00597 + 0.0428 + (2.64$1015)2-w2 (2.67~10'~)~-~~ (2.7l~10 ) -w 
(2.24) 0.304 1, 152 2 * +  ' (6.3~10 ) --w 
re fer  t o  the population 
5 3 Nls4, and N ~ s  
The quantit ies Nls , 
2 N l s 3  
densities of the Is2 , 1s3 , ls4 and Is levels, respectively. 5 
If '  Equation 2.24 i s  next evaluated a t  the angular frequencies 
w = 2.98~10~~ 
visible  and 11523A infrared (IR) laser  l ines ,  resepctively, the 
following equations result. 
0 
and w = 1.64~10'~ which correspond t o  the 6328A 
0 
*+ 
= t  (n(u=l. 64x10 15 1-1). 
J .e. 
*+ 
( 2  25a) 
In order t o  further simplify Equations 2.25, we w i l l  assume that 
4 
26 
the four Is levels are in thermal equilibrium. Such an approxima- 
t ion  i s  appropriate for  these levels since the energy separating 
them (2 800 m-l) i s  less than or equal to the thermal energy of 
the gas atms. Hence, a high degree of col l is ional  mixing frm 
atm-atm, near resonance collisions occurs at elevated gas 
temperatures. 20 
Therefore, l e t  the t o t a l  densityof l s l e v e l s  be N1 . The 
fract ional  contribution of the four separate levels t o  this total 
number i s  then obtained frm the Maxwellian or equilibrium 
distribution law which states21 tha t  the population density Ni of 
the ith excited state is  
Ei/kT 
N = Fg.e i 1 (2.26) 
where F 
temperature, gi 
i s  the energy of the ith level, 
i s  a function of the t o t a l  atom density and gas 
i s  the s t a t i s t i ca l  weight of the ith level,  Ei 
k i s  Boltzmann's constant, and 
-L - 
T is the gas temperature. 
the same e n e w ,  the contribution frm the exponential factor i n  
Since the four levels have approximately 
Equation 2.26 i s  nearly constant and the desired r a t io s  w i l l  be 
obtained directly from the relative magnitudes of the s t a t i s t i c a l  
weights, 
the s t a t i s t i c a l  weight i s  
In terms of the to t a l  angular mmentum quantum number J , 
gi = 2J+1 
I 
4 
27 
The J values f o r  the 1s levels are given in Figure 2.4 . 
Therefore, upon substituting in  Equation 2.27 and forming ra t ios ,  
the Is level  population densities as a function of the t o t a l  Is 
density bec me 
N l s 2  = 0*250 N1 
Nls = 0.083 N1 
3 
Nls4 = 0*250 N1 
Nls = 0.417 N1 
5 
(2.28) 
Direct substi tution of Equations 2.28 in to  muations 2.25 
gives the following final expressions for  the jumping electron 
index. 
2 15 - -   2ne ~ l o - ~ ~  (-24.9 N1) (2.29a) . .  m (n(o = 2 .98~10  )-l)j.e 
L 15 - -   2ne ~ l o - ~ ~  (+35.8 N1). (2.29b) j .e. m . (n(w = 1 . 6 4 ~ 1 0  1-11 
It is next necessary -compute the index of refraction of 
t he  metastable cores. In t h i s  meme, a core is t k  p w t  of 
the atom which includes the outer  eleWrOfl3~ less the single 
jumping electron. 
the principal quantum number n 
it equals 4 for the 1s levels. Because of this f ac t ,  the 
shielding effect  of the .jumping electron w i l l  be neglected and the 
Referring t o  Figure 2.4 again, it i s  noted that 
f o r  the ground state is 3 whereas 
28 
core treated as an argon ion. The index of refraction for  an ion 
must therefore be determined. Table 2.5 lists the wavelengths, 
angular frequencies, level designations, and osc i l la tor  strengths 
for argon ion resonance transitions. 
i n  which an electron jumps frcm the ground state t o  sane excited 
A resonance t ransi t ion is  one 
level. 
the Russell-Saunders or G S  coupling notation and is  explained in 
Appendix I. Resonance states lying above the 3d levels are 
included i n  the continuum. 
are based on the Coulmb approximation and were obtained frm 
G r i e m .  
The nmenclature which is  used for  the level  assignnents i s  
The values fo r  the osc i l la tor  strengths 
22 
When the values from Table 2.5 are substitued in to  Equation 
2.22, w e  obtain the following expression f o r  the ion index 
nI 
0.0485 + 0.0248 +. 2 2ne nI(w)-l = -
m N~[ ( 2 . 6 2 ~ 1 0 ~ ~ ) ~ - - w ~  (2.8-10 1 2 2  6 ,  --w 
L 
( 2 . 8 4 ~ 1 0 ' ~ ) ~ - - w ~  ( 4 . 2 0 ~ 1 0  6, --w 
(2.30) 0.055 1 2  2 ' '  '+ 0.872 f 
The quantity NI is the ion number density. For the two 
frequencies used i n  this experiment, Equation 2.30 i s  almost 
constant and has the value 
2 
nI-1 = - 2ne m ~ 1 0 - ~ ~ ( 0 . 1 2 3  NI) . (2.31) 
We have now c q l e t e d  a calculation of the first two terms on 
29 
23 lavelength 
(% 
3 
I 
723.4 
718.1 
672.8 
671.9 
664.6 
661.9 
:ontinuurn 
Frequency 
(rad/sec ) 
16 %2 62x10 
16 %2.81~10 
%2.84x1Ol6 
16 :4,20x10 
Upper Level 
Designat ion 
4s "3/2 
4s 2D5.2 
3d 2D3/2 
3d 2D5/2 
Lower Level 
Designation 
3P5 2P;/2 
11 
11 
I1  
11 
11 
11 
,Oscillat 01 
I Strength 
0.0410 
0 . a 7 4 7  
0.00252 
0.0223 
0.0862 
0.786 
0..055a 
Calculated frm the f-sun ru le  with C f  = 1. a 
Table 2.5 Absorption Oscillator Strengths for Resonance 
Transitions of the Argon Ion. 
I -  
8 
I 
I 
1 
C 
I 
E 
8 
I 
I 
I 
t 
I 
I 
II 
I 
a 
30 
the R.H.S. of Equation 2.23 for the index of refraction change due 
t o  metastables. The th i rd  term i s  also known, though, since it 
can be obtained direct ly  frm Equation 2.19. Therefore a straight- 
forward substi tution of Equations 2.29a, 2.29b, 2.31 (with 
replaced by N1), and 2.19 (with No replaced by N1) in to  Equation 
2.23 gives that the metastable index of refraction changes at the  
NI 
two probe wavelengths are 
0 
Anl(h=6328A) = 
and Anl( X=11523A)= 
0 
2 -2 ~ r  e ~ 1 0 - ~ ~ ( - 2 5 . 4  N1) , 
- - - ~ 1 0 ' ~ ~ ( 3 6 . 3  2~re N1) . 
m 
2 
m 
5. Index of Refraction fo r  Ionization 
The ionization process i n  a discharge involves the production 
of electrons and ions at the expense of argon atans. 
in  the index of refraction of a gas due t o  ionization can tkierefore 
be expressed as 
The cbange 
(2.33) 
The first two terms on the R.H.S. 
produced while the l a s t  term accounts fo r  the atcms los t .  In a 
typical  discharge the density of ions i s  approximately equal t o  
the electron dens i ty .  
terms of the electron density Ne. .. Upon substi tuting Equations 
2.15, 2.31 (with NI replaced by Ne$- and 2.19 (with No replaced 
by 
are for  the electrons and ions 
Thus, Equation 2.33 i s  r e a d i l y  evaluated i n  
Ne) in to  Equation 2.33 we obtain the fo.llowing resu l t s .  
2 
(X=6328A) = m x ~ O - ~ ~  ( 11.8 Ne) O 27re Anionization 
Probe Wavelength 
6 32 81 
11523A 
0 
(2  34a) 
“ionization Ane . Ano Aril 
-25. 4N1 -11. 8Ne -11. 3Ne W. 6 3 4 ~ ~ ~  - 
+36. 3N1 -37. 7Ne -37. lNe W 634ANo 
2 27re x10-32 
m 
2 
Anionization m ~ 1 0 - ~ ~ ( - 3 7 . 7  Ne> . (2.34b) O 27re (h=11523A)= - 
6. sunrmayy 
For ccrnparison purposes, the above results for  index of 
refraction changes i n  an argon discharge are sunmrized in Table 
2.6 . 
It is recalled tha t  Anl refers t o  the metastable index 
shift and w a s  given by Equations 2.32a and 2.32b. The entr ies  in 
the th i rd  column headed Anionization were obtained fram Equations 
2.34. Column four lists the index change due ju s t  t o  the produc-’ 
t i on  of electrons. By canparing this column with column three we 
see that there 1s only a small error  introduced at optical  frequen- 
cies i f  the effects  of ions produced and neutrals consumed i n  tbe 
imizatim process are ignored. Finally, the last column refers 
t o  the index change caused by a shift of argon a t m  and w a s  re- 
written fran Quat ion 2.20. 
Table 2.6 Swnmary of Refractive Index Changes Evaluated 
at Two Wavelengths. 
cHAm 111 
M p m A L  APPARATUS 
3.1 Introduction 
In Chapter 11, the concept of a laser in te r fe rmeter  was 
introduced and expressions were obtained for the index of 
refraction of an argon discharge. 
refraction calculations showed that important ifidex changes are 
due t o  electrons, metastable atoms, and possibly local  shifts in 
atm density. 
discharge with a laser system , it w i l l  be necessary t o  probe the 
plasma with radiation of different wavelengths. 
purpose of the first sections of t h i s  chapter i s  t o  describe tpe 
par t icular  dual wavelength laser system which was used i n  this 
experiment. 
The emphasis rests only on those fac ts  which are particulayly 
The resu l t s  of the index of 
Thus, i n  order t o  sa t i s fac tor i ly  study an argon 
Consequently, the 
This description is  intended t o  be reasonably brief. 
pertinent t o  the preser$ work. 
been carried out by A. B. Larsen. 
A wuch more cmplete analysis has 
24 
In the last section of this c b t e r ,  we describe the physical 
and e l ec t r i ca l  characteristics of the experimental discharge tubes. 
3.2 Dual Wavelength Laser Beat-Frequency Interfermeter  
A detailed scheqmtic representation f o r  the l y e r  system 
32 
33 
part icular  t o  this experiment i s  given i n  Figure 3.1. 
helium-neon lasers operate on the 6328A and 11523A neon t ransi t ions 
The two 
0 0 
simultaneously. The beams emerging from the common flat  mirror are 
superimposed by means of a mirror and a beam s p l i t t e r .  The 
alignment tolerance on this superposition i s  that the angular 
separation between the  beams be less than 2 minutes of arc.  These 
superimposed beams then pass through optical  filters and are 
detected with photmultipliers.  
0 
The 632811 f i l t e r  removes a l l  
radiation except the desired vis ible  laser l ight .  
11523A f i l t e r  allows only the infrared laser beam t o  pass. 
Similarly, the 
0 
Following the photmultipliers on both channels are ident ical  
F.M. detectors. 
voltage output proportional to  the frequency of the "sinusoidal" 
signal fed in to  it. 
An F.M. detector i s  a device which produces a 
I n  this application therefore, the F.M. 
detector outputs give a measure of the difference or beat frequency 
between the lasers. 
The wide-band F.M. detector unit (two of which are used) was 
designed especially f o r  this apparatus by A. B. Larsen. The output 
is  a l inear  function of the input frequency and i s  about -2.5 volts 
per mHz over the usable range of 0-2 MHZ. 
output i s  independent of the  input level f o r  signals which exceed 
50 mv peak t o  peak. 
minimized by using an arrangement of Schmidt tr iggers and f l ip -  
flops t o  "count" the number of times the signal alternately crosses 
Further, the detector 
The effect of noise on the input signal was 
8 
I 
I 
I 
t 
t 
8 
I 
I 
2 
8 
8 
8 
1 
1 
1 
I 
I 
34 
35 
two reference voltage levels. 
the pulses from the flip-flops and thus allow real-time observation 
of the detector output. 
RC filters are then used to smooth 
For a l l  of the measurements made in this 
experiment, a detector time constant of 5 microseconds w a s  used on 
both detectors. 
The tuning tube, which is a l so  shown i n  Figure 3.1, i s  used 
f o r  adjusting the value of t h e  beat frequency. 
chambers which are connected at  the middle and are f i l l ed  with air. 
It consists of two 
One of the chambers is f i t t e d  with Brewster angle windows and is  
situated i n  the reference laser cavity. The other chamber contains 
a tungsten wire whose temperature i s  readily varied by changing the 
current which passes through it. 
the temperature of the w i r e  and hence the pressure of the a i r  in 
this chamber i s  increased. This then produces a net flow of gas 
atcms in to  the adjoining chamber, leading t o  an increased 
refract ive index. 
Thus, i f  the current is increased, 
3y E q m t i c ~  2.6,  tbAs incxase in refractive 
index produces a decrease i n  the output frequency of the reference 
laser and therefore changes the beat frequency. 
tuning tube is  used i n  conjunction w i t h  a feedback c i rcu i t  to 
maintain a 1 MHz beat frequency on the infrared channel. 
In practice,  the 
The error  
signal is  obtained by canparing the voltage output frm this 
channel's F.M. detector wi th  a reference voltage. The electronics 
of this canparator are such that stable closed-loop operation is  
possible only when the signal laser output frequency i s  greater 
than the reference laser. ?"nus it is  possible to t e l l  whether a 
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par t icular  current pulse through the discharge tube produces a 
posit ive or a negative change i n  beat frequency. 
of the feedback circui t  is made slow relat ive t o  the current pulse 
duration but fast enough t o  s tabi l ize  the beat frequency against 
the  effects  of thermal fluctuations and low frequency accoustical 
vibrations. 
frequencies less than 50 Hz. 
The time response 
Typically, the feedback responds t o  fluctuations with 
When the beat frequency on the infrared channel is tuned t o  
1 MHz by the feedback circui t ,  the vis ible  channel beat frequency 
is also stabil ized but at sane value which i s  anywhere between 0 
and 87 MHz. However, the F.M. detectors are usable only over the 
range 0-2 MHz. 
t o  bring the vis ible  signal into this frequency range. 
Therefore, a converter or mixer c i rcui t  i s  employed 
The f i n a l  item in Figure 3.1which should be pointed out i s  
the 1 FIIZ bard pass f i l t e r  l ~ z c t z d  I x t ; ~ e n  the phototGbe a-16 F.M. 
detector on the infrared channel. This f i l t e r  has a band-width of 
several hundred kHz and is  required because of the excessive noise 
which accmpanies the infrared beat frequency signal. 
eeunfil tered and the f i l tered beat frequency signals are shown i n  
Figure 3.2. If the f i l t e r  i s  removed frm the circui t ry  or  i f  i t s  
band width i s  increased beyond sane 400 kHz, the F.M. detector is 
unable t o  properly demodulate the infrared signal fo r  undistorted 
oscillographic observation. 
therefore, sets a limit on the band-width of the infrared channel 
For example, 
The required presence of this f i l t e r ,  
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Figure 3.2 Effect of F i l t e r  on 
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or on the en t i re  system if measurements must be made at  both wave- 
lengths. 
recorded was 350 kHz. 
observe shifts which are less than 250 kHz. 
To date, the largest beat frequency shift  successf'ully 
Typically, however, one is  res t r ic ted  t o  
In the next several sections, various additional aspects of 
the apparatus are discussed i n  order t o  give the reader a better 
indication of the system's capabilities. 
3.3 Frequency Stabi l i ty  
Referring t o  Equation 2.3 it is  apparent that any disturbance 
which changes the cavity length, L , or the  index of refraction of 
the air within the cavity w i l l  produce a change i n  the cavity 
resonance wavelength and hence the beat frequency. 
such disturbances, any of which i n  an ordinary environment could 
easily cause frequency ins tab i l i t i es  of several megahertz, They 
bc lude  temperature fll-!ctuatinns, accn1-1.rtical vibratiors,  m d  air 
There are many 
currents. 
precautions were taken t o  produce an extraordinary environment and 
thereby minimize these effects. 
the system from building vibrations, the apparatus was assembled on 
the Wickenden Building's ground floor atop a cast i ron machinist's 
layout table weighirgapproximately one ton. This table was itself 
supported by a thick column of plywood, packing material and 
another machine shop table, a l l  of which was floated on a cushion 
of air provided by several automobile inner tubes. 
When the present apparatus was set up, special  
For example, i n  order t o  "isolate" 
Furthermore, 
I ’  39 
the laser cavities were arranged i n  the close-coupled configuration 
alluded t o  earlier i n  Chapter 11. 
The effect  of air currents through the cavity was appreciably 
reduced by the use of drift tubes. 
enclosed the regions intermediate between the mirrors, lasers, 
tuning tube, and discharge tube. Also the en t i re  interfercsneter 
was covered with a p las t ic  box. 
Drift  tubes are sleeves which 
A photograph of the apparatus showing the i ron table, the drift 
tubes, and par t  of the plywood pedestal i s  given i n  Figure 3.3. 
The p las t ic  box was removed f o r  photographic c l a r i t y .  A 10 cm long 
argon discharge tube held by a micrometer s l ide  arrangement i s  also 
shown quite clearly i n  this picture. 
In sp i t e  of the above precautions the free-running system ( i .e .  
w i t h  no feedback) had an opthum s t ab i l i t y  of about +500 - kHz over a 
period of a f e w  minutes. Increased s t ab i l i t y  was obtained however 
by using the feedback system described i n  Section 3.1. For closed 
loop operation, typical long term (vninutes )stabilities were +5OkHz. - 
For the  measurements made i n  th i s  experiment, beat frequency 
shifts corresponding t o  current pulses of about 500 microseconds , 
duration were observed. A typical example of the associated short 
term s t ab i l i t y  i s  given i n  Figure 3.4. ?“ne F.M. detector outputs 
f o r  both the vis ible  and infrared channels are shown, 
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3.4 Window Dispersion 
Since the index of refraction of glass i s  a f'unction of 
frequency, the infrared and visible laser beams are refracted by 
different  amounts as they pass through the B r e w s t e r  angle windows of 
the laser cavities.  Indeed the positions of the beams in  the cavity 
depend on the number, thiclmess, and re la t ive  orientations of these 
windows. 
positions. 
Furthermore there are three requirements on the beam 
They me the following ones, 
1. The two beams must coincide within the plasma tube so that 
the same volume i s  probed by both beams. 
2. 
simultaneously. 
3. 
The cavity should be optimally aligned fo r  both wavelengths 
The infrared and visible beams should be para l le l  and 
separated by the same distance at  the f lat  mirror. 
i s  Recessary for simultaneous heterodyning on both wavelengths. 
This requirement 
There are a great variety of cavity configurations which 
satisfy these conditions. 
work has a trapezoidal geametry and is  shown schematically i n  Figure 
3.5 . Relative beam positions are also given. Qualitatively, the 
index of glass at vis ible  wavelengths i s  greater than at infrared 
wavelengths. Hence by Snell 's l a w ,  the vis ible  beam is  bent more 
strongly as it enters a window. 
The arrangement u t i l i zed  i n  the present 
Referring t o  Figure 3.5, the beams at both wavelengths are 
coincident at the sphericalmirrors.  This requirenlltnt i s  imposed by 
In 
M 
. 
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condition 2 above and insures optimum simultaneous alignment fo r  a 
plane-spherical cavity. 
refracted by the first window of thickness t . 
both lasers is  sane distance d . 
thickness t of glass they are refracted again, emerging with a 
separation of 2d . When the beams next enter the windows having a 
thickness 2 t  , they are bent i n  a direction which brings the beams 
together again. In  the  plasma tube, therefore, the beams are 
coincident and condition 1 above is  satisfied. 
are once more refracted as they pass through the  last window of 
thickness 
distance d . Because of symnetry, this same separation d ex is t s  
between the infrared and visible beams emerging from the last window 
on the plasma tube as w e l l  as frm the last window on the tuning 
tube, 
The infrared and v is ib le  beams are then 
Their separation i n  
AS the beams enter  the followihg 
Finally, the beams 
t , and impinge on the flat mirror separated by the 
Hence condition 3 is also met. 
3.5 Spatial  Resolution 
The spatial resolution of th i s  interferaneter i s  determined 
by the spot s ize  of the  laser beams. Following the  definit ion of 
Boyd and Gordon,25 the spot size is  the distance from the axis of 
the beam t o  the  point where the f ie ld  of the TEM mode falls t o  
1 
ooq 
I - of i t s  ax ia l  value. The spot size wf on the  flat mirror and e 
the spot s ize  ws 
26 by the formulas 
on the  spherical mirror of radius % are given 
45 
and 
XL 1/2 €$, l / 4  
w -  
S 
Referring t o  Figure 3.6, an expression derived from ray opt ics  
fo r  the average spot s i ze  w within the plasma tube, is a 
where h i s  the  distance fromthe flat mirror t o  the discharge 
tube. The word "average" in t h i s  usage means the value at the 
L middle of the discharge tube which is  at  a distance h t  frm the 
f la t  mirror. For the values used in  this experiment (L = 86 cm, 
% = 100 cm, h = 5 cm, R = 10 cm) the  average spot s izes  at the two 
laser wavelengths are l i s t e d  i n  Table  3.1 . 
The spot s i ze  of the visible beam was measured at  a point 
10 cm from the f la t  mirror. 
with the one given i n  Table 3.1 . 
The observed value was i n  good agrement 
I Wavelength (i)l wa (mm) I 
Table 3.1 Average Spot Sizes. 
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Figure 3.6 Geanetry fo r  Average Spot Size 
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3.6 Detection 
The photmult ipl ier  tube detectors are at the very heart of 
the  heterodyne process. 
output current i s  
Recalling Equation 2.10, the  phototube 
(3 4) 
where y i s  the proportionality constant between current and field 
intensity.  This constant is further given by the expression 27 
(3.5) 
where A is  the area of t h e  photosurface and “q. is  the q&nttWn 
efficiency of the photocathode at either w or w (since they 
are nearly equal). 
r S 
The D.C. current ccsnponent i n  Quat ion 3.4 i s  
and generates noise i n  the detector. 
assockated with it, an r . m . s .  current given by 28 
This so-called shot noise has, 
-2 
in = 2eBi = .eBy(E: + E:) , (3.7) 
where B i s  the bandwidth o f t h e  system. 
The A.C. current i n  Equation 3,4 is ,  of course, the  signal 
I 
48 
component. Its r . m . s .  value is  
Thus, if shot noise i s  the primary source of noise i n  the  
S phototubes, the signal t o  noise r a t i o  (K) for  the system is  
This assumption regarding the importance of shot noise has been 
checked by blocking the  beams falling onto the photomultiplier tubes 
and noting that the current goes t o  zero. 
With regard t o  the px-esent experimental apparatus, the signal- 
to-noise performance on the infrared channel i s  of par t icular  
in te res t .  
poor. 
A t  best, the signal t o  noise r a t i o  for this wavelength is  
This fact  is due primarily t o  the low quantum efficierxies at 
these frequencies. 
photmult ipl ier  which has an  S-1 photocathode. When compared with 
The infrared detector i s  an R.C.A. type 7102 
other photosurfaces, the S-1 photocathode is  relat ively sensit ive 
t o  infrared wavelengths. Nevertheless, the quantum efficiency i s  
low enough that l iquid nitrogen cooling i s  reqqired fo r  reducing the 
otherwise significant thepnally induced dark current. 
In  order t o  put a number on the  signal t o  noise r a t i o  of the 
infrared channel, the magnitude of a lMHz beat frequency signal 
49 
ccming through the aforementioned band pass f i l t e r  
w a s  measured and compared t o  the  magnitude of the noise coming 
through this same f i l t e r  when the interferometer was detuned. 
resu l t  gave a figure of about 1.5 fo r  t h i s  ra t io .  
  HZ + 200kHz) - 
The 
Referring t o  Equation 3.9, the signal t o  noise r a t i o  can be 
improved by increasing the strength of the reference laser. How- 
ever, the gain m u s t  not be increased beyond the point where it can 
support more than one longitudinal mode. 
these additional modes would add t o  the level of the  D.C. f ield 
The power contained i n  
strength and hence t o  the shot noise. Furthermore, these additional 
modes could mix with the original one and produce unwanted frequency 
terms. Unless the magnitudes of these frequencies were outside the 
bandwidth of the photomultiplier, thereofre, such terms would serve 
only t o  impair the proper signal demodulation. 
3.7 sumnary 
In  summary, this interferometric system i s  a sensit ive 
instrument capable of investigating plasma phenomena at two wave- 
lengths either separately or simultaneously. Its other features 
include the following ones: 
Imn; 
refraction change; and 3) a display of plasma phenomena in real 
1) a spatial resolution of less than 
2) a sensi t ivi ty  t o  the polarity of a plasma's index of 
time rather than i n  the frequency domain. 
apparatus i s  limited t o  a study of index changes which lead t o  beat 
frequency shifts of less than 250kHz. 
The use of the  present 
50 
3.8 Discharge Tubes 
Since the heterodyne interferometer has been discussed, it is 
next necessary t o  describe the plasma tubes which were studied. 
general, there w e r e  two basic types. 
photograph of Figure 3.7 . The pyrex tube at the top of the 
picture was used i n  the early high current (>1 amp) studies. 
30cm long and has a 4m bore diameter. 
the small diameter inner tube t o  f a c i l i t a t e  water cooling. 
water flow rate of about a l i t e r  per minute, t h i s  tube has been 
operated, on a 20% duty cycle (1Qns "on" time, 4ckns "off" time), at 
currents up t o  50 amperes. ?"ne SCR inverter c i rcu i t  which was used 
for modulating the current through the tube i n  this manner i s  
described i n  Appendix 11. 
I n  
They are shown i n  the 
It is 
A glass housing surrounds 
With a 
A tube which chronologically preceded the 30cm tube shown i n  
Figure 3.7 but was otherwise identicai  t o  it, sustained iaser 
action on the A I 1  4880A l ine  for a gas f i l l  pressure of 0.1 Torr. 
No magnetic confinement was used. 
threshold current was about 10 amperes. 
0 
For a 20% duty cycle, the 
The majority of the  measurements made during this experiment 
were performed on the lOcm long discharge tube shown i n  the lower 
half of Figure 3.7 . 
greater detai l .  
For this reason it w i l l  be described i n  
Among the important physical properties of t h i s  tube are that 
it w a s  made from Pyrex glass, i t s  active discharge length i s  lOcm, 
8 
Figure 3.7 Argon Discharge 
Tubes 
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and i ts  bore diameter is  4m. 
molybdenum. The cathode consists of an oxide-coated ribbon inside 
a nickel cylinder. The primary reason fo r  using such large anode 
and cathode assemblies on this  low c m e n t  (<1 amp) discharge tube 
w a s  t o  provide large gas reservoirs t o  minimize the effect  of gas 
"clean-up". 
The anode was fabricated from 
Gas "clean-up" is  the condition whereby gas atoms 
become adsorbed t o  the glass and metal surfaces and are essentially 
l o s t  frm the discharge. 
i n  the gas pressure. 
surface leads t o  a more stable discharge operation at the anode, 
the nickelate cathodes were readily available, and the activation 
and operation of the nickelate cathodes had become a routine 
operation in th is  laboratory. 
This loss i s  evidenced by a gradual drop 
Additional reasons were that the large anode 
The appendage on the anode housing i s  a P i r a n i  tube and was 
used ?or pzriodicalljj zonftorli-g the gas pressure i n  the discharge 
tube throughout the experiment. 
connecting the anode and cathode chambers is a pressure relief 
tube, 
discharge path being probed with the laser interferometer. 
occurrence of longitudinal pressure gradients i n  argon tubes not 
equipped with relief passages has been reported2g and argon laser 
tubes w i l l  not osc i l la te  continuously without them. 
Finally, the zig-zag shaped tube 
Its purpose i s  t o  equalize the pressure of the gas along the 
The 
In  a l l  
* 
The nickelate cathodes were purchased from the General 
Electr ic  Vacuum Tube Division i n  Owensboro, Kentucky. 
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instances the discharge tubes were fabricated t o  simulate closely 
argon laser tubes and were f i l l ed  t o  pressures covering the range 
found suitable fo r  such tubes. 
The cleanliness of the volume and gas w i t h i n  the discharge 
tube w a s  ensured by the following processes. 
baked at 45OoC under a high vacuum (;lo-* Torr) for  24 hours. 
After baking, the tube was allowed t o  cool. 
from the Linde Company, was then introduced. 
desired pressure, the discharge tube was sealed off frm the vacuum 
and gas handling system. F ina l ly ,  a barium getter located within 
the tube w a s  flashed i n  order t o  maintain a very low impurity 
content. 
F i r s t  the tube was 
Argon gas, obtained 
Upon setting the 
The e lec t r ica l  characterisitcs of the 1Ocm active length 
discharge are presented i n  Figure 3.8 . These voltage-current 
curves were measured fo r  two typical  operating pressures. The 
filament w a s  run at 11 amps D.C. 
Note tha t  the voltage across the tube f o r  a given curvent 
increases with pressure. 
d r i f t  velocity varies as the square root of the e l ec t r i c  f ie ld  t o  
pressure ra t io .  Thus, i n  order t o  maintain a given current, 
the axial f i e l d  or equivalently the voltage across the tube must 
be increased as the pressure increases. 
The reason f o r  this is  that the electron 
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RESULTS OF MEASUREMENTS IN ARGON 
4 . 1  Preliminary Investigations 
The initial argon studies were conducted on a 30cm long water- 
cooled discharge tube f i l l e d  with argon at 0.1 Torr. 
that i f  the discharge current were increased suff ic ient ly ,  then the 
primary index of ref'raction contribution would be due t o  the plasna 
electrons, Therefore, an attempt was made t o  measure the beat 
frequency shifts f o r  currents i n  excess of 5 amperes. 
employed w a s  t o  square wave mdulate the discharge current at a low 
duty cycle using the SCR inverter c i rcu i t .  
current (1~2Qna) was maintained so that the tube did not have t o  be 
relighted after each pulse. 
It was felt  
The technique 
A stall keep al ive 
n-- - - - - - .  D - - L -  ^^I^ .^.+ -0 t L 4 "  n..",l*h"t - t . . , q - -  nP ...L-lnL ocvci.qr L ~ L ~ C Y  ~ a i n ;  u u u  VI w l u o  GULLLLOU o v u u y  , IIVIIL VI W I U U L A ,  
unfortunately, gave very much information on the argon plasma. 
1. The s t a b i l i t y  of the interferometer was not severely 
impaired by a one liter per minute (or slower) water flow through 
the outer jacket of the discharge tube. 
2 .  Since the interferometer i s  mounted on an iron table an4 
because the plasma tube is located near the tungsten wire of the 
tuning tube, it was deemed possible that  large current pulses 
55 
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through the discharge might produce magnetic fields which would 
f l f e c t  the interferometer's s tab i l i ty .  
condition, the plasma tube was moved j u s t  outside the laser cavity. 
Current pulses up t o  20 amps failed t o  produce any noticeable effect  
on the frequency s t a b i l i t y .  
In  order t o  check t h i s  
3. The beat frequency response t o  the square wave current 
modulation had an interesting waveform. 
vis ible  channel's signal, taken with the feedback loop open, i s  
shown i n  Figure 4.1. 
shape w a s  similar. 
input, these signals seem t o  be  a superposition of a square wave 
with some other ramplike curve. 
evidenced, for  example, by the abrupt ver t ica l  junps i n  the beat 
frequency at the leading and trailing edges of the current pulse. 
The magnitudes of these jumps are nearly equal and apparently relate 
t o  ionization and excitation processes occurring within the 
discharge. 
A sample t race of the 
The appearance of the infrared channel's wave- 
Rather than follow the anticipated square wave 
The square-wave l i k e  nature i s  
A reasonable explanation ror the presence or  the ramplike 
function is  that the current pulse provides a heat input t o  the 
walls of the  discharge tube. Some of this heat i s  then transferred 
t o  the gas atoms which s t r ike the  walls and thereby increases their  
terqerature. It is a good agsumption that a l l  of the gas atoms within 
a par t icular  cross-section are heated uniformly i f  the mean distance 
between atom collisions is  larger than o r  comparable t o  the tube 
radius. For argon at 0.1 Torr pressure, the mean free path is about 
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0.m. 
walls and atoms presumably exists. 
Hence, a reasonably high degree of coupling between the 
As the gas temperature rises, an associated pressure increase 
causes some of the atoms within the active discharge t o  move in to  
lower pressure regions such as the anode chamber. The net r e su l t  is 
a slight lowering of the index of refraction of the gas being probed 
by the laser beams. 
increases. 
5 1/29 atom loss (calculated with respect t o  the number of atcms at 
0.1 Tom, and 3 0 0 O K ) .  
apparently has l i t t l e  effect  on the index of refraction changes due 
t o  ionization and excitation since the abrupt i n i t i a l  and f i n a l  jmps 
i n  beat fPecpemy have nearly the sane 'magnitude. 
By Equation 2.11 then, the beat frequency 
A 300kHz shift on the vis ible  channel corresponds t o  a 
Th i s  relatively small depletion, therefore, 
4, The frequency shif t  (measured as the magnitude of the 
ver t ica l  jumps) on the vis ible  channel for currents between 0.1 and 4 
anperes was a,pproximat;eiy l inear.  Its magnitude, however, i f  
a t t r ibuted only t o  electrons led t o  densit ies almost 10 times larger 
than any reasonable estimate. 
5. For currents i n  excess of several hundred milliamperes, the 
beat frequency sh i f t  on the infrared channel was greater than 25OkHz 
and hence could not be measured. 
In order t o  understand the physics behind the argon tube's index 
of refraction behavior, it was necessary t o  study a discharge operated 
at low currents (<1 ampere). Furthermore, since the frequency shif ts  
59 
were large and the infrared channel's bandwidth was limited, it w a s  
advisable t o  use a shorter plasma tube. 
A length of lOcm was chosen. 
(Refer t o  Equation 2.11). 
A l0cm discharge tube filled with argon at 0.1 Tom was used 
fo r  the first run. 
provided 500 microsecond variable amplitude square wave current 
pulses. I ts  
single shot feature w a s  desirable since it minimized the amount of 
heat dissipated by the discharge in to  the laser cavity. Transient 
A capacitor discharge single shot pulser 
The c i rcu i t  fo r  this device is  given I n  Appendix 11. 
heat inputs can produce unwanted frequency instabilities. Once 
again, a small keep al ive current w a s  maintained. 
A sample photograph showing the beat frequency response at  both 
wavelengths t o  the one-shot current pulse i s  given i n  Figure 4.2. 
Note the l inear  increase i n  beat frequency after the initial shif t .  
This is  attr ibuted t o  w a l l  heating and was discussed ea r l i e r .  
Several additional observations were made i n  order t o  substantiate 
4-L-Zn L ~ r n n C L n n 4 A  Cnn C L n  mmnnnnC n 4 C q r n C - t n ~ 1  lX-n+ n n  o ~ L n r . 1 ~  n- +LA VLYU L L J ~ V W L L L ~ ~ U  IVI WALL p i b u b A I w  U A V W L L V L V L I .  I r r u w ,  uu u ~ A A L ~ I L  V A L  WLAL 
assumption tha t  the atoms are  heated uniformly across the tube 
diameter, the slope of the lihear rise was measured fo r  several 
radial positions. 
constant for  a given current. Finally, one would expect that the 
amount of heat imp&ted t o  the tube walls would increase with 
current. I n  agreement, the slope of the rise was observed t o  
increase s l i g h t l y  with current. 
A s  expected, the sharpness of the rise was nearly 
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Referring t o  Figure 4.2 again, note that  the  magnitude of the 
square wave component i n  a particular waveform is readily obtained 
by measuring the separation between the t race segment which occurs 
during the pulse and a straight l i ne  drawn parallel t o  t h i s  segment 
at a distance corresponding t o  the very nearly equal initial and 
f i n a l  jumps. 
,'. 
{' 
The measured square-wave component, beat frequency s h i f t s  a t  
the two wavelengths are given as a function of discharge current i n  
Figure 4.3 . 
probing the center of the plasma tube. 
absolute i n  nature. That is ,  a correction has been made for the 
frequency sh i f t  associated with turning off the small keep al ive 
current. 
These shifts were observed w i t h  the laser beams 
Furthermore they are 
A t  th is  point, one w i l l  recall  Equation 2.11 and the resu l t s  of 
the index of refraction calculations summarized i n  Table 2.6 . 
terms of t h i s  information, an analysis  of the data i n  Figure 4.3 
In 
- , - - A -  L -  ~ 7 . -  n-,.--->.-- 7 . . - >  
ic IauD uiic v u  U L ~ G  l u i i u v v r r e  b w i i b r u D r u i i o .  
1. The index of refraction change i s  not due t o  the ionization 
process alone. There are several reasons. F i r s t ,  the  negative 
s h i f t  at low currents on the infrared channel would require a 
negative electron density. 
channel at low currents are too large. 
65m is 160k1-1~. 
Secondly, the shifts on the vis ible  
For example, the shift at 
On t h e  basis of an ionization process, such a shif t  
implies the formation of 1 . 6 ~ 1 0 ~ ~  electrons per cm3 . A t  65ma, this 
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Figure 4.3 Frequency Shifts vs. Current 
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value i s  unreasonable. Finally, if the shif ts  were due only t o  
ionization, the infrared shift would necessarily be about two times 
larger than the vis ible  shift for  a given current. C lea r ly  the 
observed sh i f t  i s  much smaller on the infrared channel. 
2. There are reports i n  the literature 3'33' on experiments 
performed with large diameter (>lcm) argon discharge tubes at 
pressures greater than 0.5 Torr i n  which a radial variation of atan 
density w a s  observed. This variation was caused by a localized 
heating of the gas which produced a ra r i f ica t ion  of atoms at  the 
center of the tube and a buildup at the walls. 
not dominant i n  the present work, however, since a depletion of 
Such an effect  is 
atoms at the tube center would show up as a positive beat frequency 
shift on both the vis ible  and infrared channels. Whereas the sh i f t  
on the vis ible  channel is  consistent with an atom decrease, the 
infrared s h i f t  i s  anomolously small and i n  fac t  goes negative at  low 
currents. Furthermore, when the discharge was probed near the w a l l ,  
the frequency shifts followed the same general pattern as the 
resui ts  snom i n  Figure 4.3. If' a bu l l6  up of ztcm actually 
occurred near the wall and the effect  were important, a severe 
reduction o r  sign change would appear i n  the frequency shift 
behavior. 
A s  a f i n a l  note i n  support of the claim tha t  ionization and 
radial gas density variations are not solely, if i n  pa r t ,  
responsible f o r  the observed index of refraction changes, the 
resu l t s  of sane work done with argon by A.B. &sen are recalled. 32 
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It is  an easy matter t o  show that the weighted frequency difference 
AvW = AV - 7 V Av ’ (4.1) 
can be formed t o  eliminate wavelength independent index of 
refraction changes such as those caused by gas motion. 
Av and Av’ are the beat frequency changes at two different probe 
frequencies v and v ’  , respectively. 
The shifts 
Figure 4.4 shows an oscillographl made by Larsen of Avw as a 
function of plasma tube current. 
the  l inear  current increase clearly indicates that the remaininq 
dependence is  not a function simply o f  the  electron density. 
The very non-linear response t o  
3. An explanation which i s  consistent with the qual i ta t ive 
nature of the frequency s h i f t s  shown i n  Figure 3.4 is  that the index 
of refraction change due t o  metastable atoms i s  important. 
Table 2.6 and Quation 2.11, the shif t ,  at, h328A i s  p n s i t i v p ,  Nheyeas 
at  115238, the formation of metastables would produce a hegative 
From 
0 
0 
Yrequency shift. 
4.2 Separation of Metastable and Electron Densities 
If  we  assume that the index of refraction change of the argon 
discharge i s  due principally to  the  ionization process and t o  the 
formation of metastable atoms, w e  may write from Equation 2.11 t h a t  
(4.2a) 
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Figure 4.4 Oscillograph of Combined Output 
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(4.2b) 
where Avl and Av2 are the beat frequency sh i f t s  on the v is ib le  
(6328A) and infrared (11523A) channels resepctively. The val idi ty  of 
neglecting a possible radial gas density variation is  checked later 
by making measurements at  different pressures. 
necessity f o r  considering only two variables is a direct  consequence 
of operating at j u s t  two wavelengths. 
equation expressing conservation of par t ic les  could be written. 
However, this equation involves integrals over rad ia l  density 
profiles.  In short ,  the whole problem becmes extremely 
complicated. 
0 0 
The present 
Theoretically a third 
Upon substi tuting for Anionization and Anl frm Table 2.6, 
Eqmtions 4.2a and 4.2b can be solved f o r  the electron and metastable 
densit ies,  The resul t  i s  that 
and N ~ =  L 2.06~10 6 ( i . p ~ v , -  A V ~ )  . 
(4.jaj 
When values for  Aul and Av2 from Figure 4.3 and frm 
measurements made at  other radial positions are substituted in to  
Equations 4.3a and 4.3b, the curves shown i n  Figures 4.5 and 4.6 
are obtained. The symbol “rrr designates the ver t ica l  distance 
from the center of the tube t o  the position probed by the  beams. 
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A posit ive value for  "rrr 
above the tube center. 
involved the use of two precision micrometer stages, shown previously 
in  Figure 3.3. These micrometers were calibrated t o  within 0.m. 
Tube center w a s  determined by s p l i t t i n g  the difference between 
micrometer readings taken when the laser beams were immediately 
adjacent first t o  one wall of the discharge tube, then t o  the 
opposite wall. ?"ne position r = 1 . 4  represents the furthest 
distance away from center at which measurements could be made. 
Beyond this value, the laser beams went out due t o  excessive 
diffract ion losses introduced by the tzlbe walls. 
indicates tha t  the region probed was 
The method fo r  moving the discharge tube 
Referring t o  Figure 4.5, note tha t  the  curves for  the electron 
density pass through zero as requiredandare nearly straight l ines .  
The slight sublinear (slower than linear) rise is discussed as 
follows. In terms of the electron mobility p- and axial  e lec t r ic  
f i e l d  E , the current density J through the discharge is  
J = eNep-E . 
Further the mobility i s  33 
(4.5) 
where Le i s  the mean distance between electron-atom collisions.  
If Equations 4.4 and 4.5 are now combined, the solution fo r  Ne i s  
1/2 
N e = (  3 2 n )  J .  (4.6) 
re L E  
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The variations of Le and E with current are known. That 
i s ,  since Le increases with a decrease i n  electron temperature, 34 
and because the electron temperature i n  a discharge similar t o  the  
present one has been observed t o  decrease with current,35 the mean- 
free path of electrons increases with current. 
tube voltage or equivalently the ax ia l  f i e ld ,  decreases s l igh t ly  
with current. (Note that this decrease i n  E i s  responsible f o r  
the decrease i n  electron temperature mentioned above). 
From Figure 3.7, the 
Thus, the coefficient i n  Equation 4.6 is  a f'unction of current 
but the direction of th i s  dependence i s  not inherently obvious. The 
present experimental curves, however, indicate that the increase i n  
Le i s  dominant. 
The results obtained for electron and metastable densities were 
not checked by any additional method. 
probe measurement could be made t o  readily test the electron density 
values. 
the discharge, the presence of such a probe would almost certainly 
"disturb" the plasma t o  an appreciable extent. Measurements with 
shielded double probes could probably have been made, but the 
additiorpl d i f f icu l t ies  involved put this undertaking outside the  
scope of the present project. 
of probes i s  limited t o  severalmillimeters. 
Normally a simple LangTnuir 
In  t h i s  case, however, due t o  the small bore diameter of 
In  addition, the spatial resolution 
I n  par t ia l  support of the present data, it i s  possible t o  make 
a rough comparison with some results obtained at the Bell Telephone 
Laboratories. 36 Using shielded double probes, the electron density 
at low currents i n  a narrow-bore discharge was measured t o  be a 
sublinear function of current for f i l l  pressures of less than 2 Torr. 
The magnitude of the current density was of the same order as that 
obtained i n  the present experiment. 
Is 
technique. 
rapidly t o  a maximum value, then f a l l  off gradually. 
comparison can be made with the present data, however, since the 
tube diameters and fill pressures were different for  the two 
experimemt s . 
Finally, the population of the 
metastable level was measured by the so-called Ladenburg-Reiche 5 
Interestingly, the density was observed t o  increase 
No quantitative 
4.3 Measurements at  Other F i l l  Pressures 
In order t o  obtain additional information about the argon 
piasma and t o  f m n e r  substantiate the assumptions made i n  the 
analysis, measurements were made at two other f i l l  pressures. 
resu l t s  for argon at  0.05 Tom and 0.3 Torr are given i n  Figures 
The 
4.7 - 4.10 . 
Referring t o  Figures 4.7 and 4.9, note that  the electron 
density curves extend through the origin. 
fact  i s  that a possible s h i f t  i n  the beat frequency caused by radial 
atom motion is  not dominant. For example, at the  tube center, a net 
outflux of atoms would cause @ t h e  vis ible  and infrared shif ts  
t o  be overly large. 
value f o r  electron density would be excessive. 
The significance of this 
By Equation 4.2a therefore, the calculated 
Hence, the 
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extrapolated density plot  would intercept the ver t ica l  axis at  some 
value above zero. 
%e electron density plots f o r  these pressures are also 
s l igh t ly  sublinear with current. 
out that the plots  would b e  even more sublinear i f  gas motion were 
significant and a correction were made for it. 
magnitude of the radial pumping ef fec t  would increase with current 
i f  it changed at a l l .  
In t h i s  regard, it can be pointed 
-
T h i s  is because the 
Thus far, l i t t l e  has been said about the nature of the  
metastable atom curves. 
following section. 
"his subject w i l l  be discussed i n  the 
4.4 Processes Involving Metastable Levels 
An attempt t o  explain the appearance of the  observed current 
and pressure dependence of the metastable density requires one t o  
write a rate equation f o r  the metastable states. 
such an equation, the various processes which produce and destroy 
the Is levels are listed below. 
To a id  i n  writing 
1. Production: 
a) Electron coll isions excite ground state atoms into 
metastable levels 
Atoms i n  higher-lying excited states lose energy by 
radiating a photon of the proper frequency and become 
met astable. 
b )  
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Atoms i n  their  n o m 1  state coll ide with the 
metastable atoms i n  a par t icular  Is level t o  
produce metastable atoms i n  any of the other 
three Is levels. 
mixing process does not lead t o  a net increase 
i n  the t o t a l  number of metastable atoms, it is  
an important mechanisn fo r  balancing the density 
of atoms i n  one of  the metastable states rela- 
t i ve  t o  the densities i n  the other three states. 
The presence of these near resonance atom-atom 
collisions was mentioned previously i n  Section 2.4. 
Although this col l is ional  
2. Destruction: 
a) Metastable atoms diffuse t o  the walls. 
b! P, ???etast&le 2toz C a r l  collide with 2 Eeztral 
atom and be excited to a radiating state. 37 
c)  Electron coll isions can de-excite metastable 
atoms. 
A t  high pressures, particularly, three body 
destruction can be important i n  which two 
d) 
neutrals coll ide w i t h  a metastable. 37 
e)  Two metastable atoms can col l ide and become 
ionized. 37 
f )  Resonance transitions from the Is2 and 1s4 
levels ex is t ,  however this radiation is 
imprisoned. For a gas density of 0.1 Torr, 
78 
the characterist ic distance which a photon from 
one of these levels can t ravel  before it is  re- 
absorbed is  on the order of 
the resul ts  of a rough calculation demonstrated 
that t h i s  radiation is heavily trapped for  a l l  
radial positions i n  the discharge tube which are 
not imnediately adjacent t o  the enclosing walls. 
Metastable atoms could lose energy in collisions 
wi th  ions. 
Furthermore, 
g) 
If the above processes are now expressed as an equation, the rate of 
change of the t o t a l  metastable density becomes 
m1 - =  <uv> N N + DVG1- <uv> l o  N 1 N 0 +' d t  eo e o 
*+ -<UP N N - SNoN1- 2 aN1 2 - AINl .el e 1 (4.7) 
The f i rs t  term on the R.H.S. of Equation 4.7 represents the two 
production processes l isted above, with <uv> the cross section 
f o r  electron-atom collisions.  The remaining terms represent the 
various destruction processes l isted above, where D is  the 
metastable diffusion constant, <uv> i s  the metastable-atom lo 
col l is ional  cross section., <amel is associated with electron de- 
excitation, S is the coefficient fo r  three-body destruction, c1 is  
the ionization coefficient, and f inal ly ,  A1 is the t o t a l  probability 
f o r  transit ions from the metastable levels. The loss of metastables 
eo 
79 
by ion coll isions is  neglected since the relat ive atom-ion velocity 
i s  assmed t o  be small. Equation 4.7 can be solved for  N1 i n  the 
m7 steady state (K I = 0 )  with the resul t  that  
For the purpose of f ac i l i t a t i rg  an interpretation of the data 
using Equation 4.8, N1 is plotted versus Ne fo r  the  three pressures 
i n  Figures 4.11-4.13. 
creases rapidly with Ne. 
atoms is  by diffusion t o  the walls. 
dominant, a strong electron density dependence would not be observed. 
The remaining destruction terms are neglected on the basis of a 
general howledge that the i r  effect i s  small i n  a discharge of t h i s  
type. 
In i t ia l ly ,  fo r  a l l  three pressures, N1 in- 
Therefore, the destruction of metastable 
If electron de-excitation were 
I n  the portion of the N1 vs. Ne curves under discussion, 
the diffusion term for  a particular current and pressure i s  constant. 
This is  due t o  the fact  t ha t  the radial profile of N1 
kssel  function. 
f o r  two presssures i n  Figure 4.14. 
follows a 
For example, N1 is  plotted versus radial position 
On the basis that the diffusion term is constant, N1 should 
increase w i t h  No or pressure. Indeed the observed metastable 
density i s  larger fo r  the  higher pressure, however the dependence 
is  not l inear.  The reason for this nonlinearity is  that  the cross 
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section <uv> decreases because of a decrease i n  electron 
temperature as the pressure i s  increased. 
increases, the mean free path of the electrons becomes smaller and 
the electron temperature decreases. 
eo 
That is, as the pressure 
The possibi l i ty  of obtaining values fo r  the electron excitation 
cross-section <uv> at the various pressures was considered. For 
the diffusion controlled region being discussed, Equation 4.8 
simplifies t o  the following expression 
eo 
(4.9) 
If the diffusion constant D f o r  the metastable atoms were known, 
l J S i D !  I W  i t ~. ln-?lJ V Y V U I U  hn UL u. 9 “ “ I u - c ~ & ” ~ V I  c t n ~ i r r h t f n v * . r a m d  I.- u n m h l o m  p’ VVA”.. t o  s c l ~ r p  f‘cr < ~ T T >  
V *N1 eo 
the information i n  Figure 4.14 t o  obtain - . However, a value 
f o r  the diff’usion coefficient of argoh metastable atoms is not 
N1 
available and it was not possible t o  measure this quantity using 
these experimental techniques. 
Referring again t o  Figures 4.11 - 4.13, one w i l l  observe tha t  
the metastable atom curves reach a peak and then decrease s l igh t ly  
as Ne increases. It i s  believed tha t  these negative slope regions 
occur whet% electron de-excitation i s  important. 
form of Equation 4.8 f o r  these regions, therefore, is  
The appropriate 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
I 
I 
N N  
- N, = <av'eo e o 
I z DV N1 
<OV> N -  e l  e N1 
(4.10) 
The "loss" t e r n  due t o  atom-atom collisions,  three body 
destruction, metastable ionization, and radiation have been 
neglected. When the rad ia l  profile of N1 was plotted for  a value 
of curnmt i n  the region under consideration, the experimental points 
once again followed a Bessel function. 
remains constant. 
Hence, the diffusion term 
The existence of the fall-off in the magnitude of N1 is  
explained by the fact  that  the electron temperature and therefore 
<OV'eo decreases as Ne increases. The reason fo r  the decrease 
i n  with electron density is  that the axial  e lec t r ic  f ie ld  i n  
the discharge tube falls  off with an increase i n  current. (Refer 
t o  the V-I characterist ics given i n  Figure 3.8). 
<uv> w i l l  a lso decrease as Te decreases. However, <av> 
decreases more slowly than <av> . The reason for t h i s  is  that eo 
the electron excitation process identified by <uv7e0 is  a 
threshold reaction. 
tail of the energy distribution are involved. 
the destruction reaction described by the cross section <uv> 
takes place regardless of the electron's energy. 
Te 
The cross-section 
e l  e l  
That i s ,  only electrons with energies i n  the 
On the other hand, 
e l  
For electron densit ies beyond the curves begin t o  
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level  off or even increase s l i g h t l y .  
be independent of Ne if destruction by electron col l is ion 
dominates and the electron temperature becomes constant. 
to-Figure-3.8, the discharge tube voltage fo r  currents i n  t h i s  
region is  nearly constant so that Te i s  indeed expected to be 
uniform. 
From Equation 4.10, N1 w i l l  
Referring 
It is interesting t o  note that N1 decreases more rapidly at 
radial positions close t o  the tube walls. 
for t h i s  fact  involves radiation trapping. 
nechanical selection rules that some of t h e  2p and 3p excited 
states (see Fi,o;ue 2 . 4 )  i n  argon =e radiatively connected t o  the 
lpo ground state as well as the 1s metastable levels.  Also, for 
the conditions of this experiment, the resonance radiation frm the 
2p and 3p excited s ta tes  t o  the ground state was trapped, at  least 
for  radial positions near the tube center. 
the center, these excited levels would have a much higher 
probability of decaying t o  the metastable levels than t o  the ground 
state. Near the edges of the tube, however, the radiation trapping 
is  less pronounced so that fewer of these excited levels would decay 
t o  the metastable states. Consequently, the magnitude of N1 would 
be smaller near the walls as observed. 
A reasonable explanation 
It i s  known frm quantum 
Thus, f o r  regions near 
Finally, one may note that the en t i re  family of radial curves 
have a s ~ i l a r  shape and that the magnitude of the separation 
between the curves which correspond t o  different radial positions 
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generally increases with pressure. 
i s  not understood. 
t o  this resu l t .  
inconsistent with observations described previously i n  t h i s  paper. 
The reason for t h i s  occurrence 
It is  feasible that radial  gas motion would lead 
However, the possible presence of gas motion i s  
I n  summary, the behavior of the metastable density with current 
and radial position i s  quite complicated. 
d i f f i s ion  appears t o  dominate. 
region, electron de-excitation increases i n  importance. 
separation i n  the N1 vs. Ne for various radial positions seems 
t o  be caused i n  part, at least, by radiation trapping. 
A t  low electron densit ies,  
Beyond this diffusion-controlled 
The 
4.5 Electron Distribution 
Figure 4.15 shows the radial distribution of electrons f o r  the  
three pressures. This data indicates that the  electron density 
becomes more uniform across the tube as the pressure decreases. 
The cr i ter ion which determines whether the motion of electrons 
toward the w a l l  is  by free fall  or ambipolar diffusion is  the 
magnitude of the ion mean free path, L 
radius.38 If L >> R , there are few collisions between ions and 
atoms. 
some in i t ia l  velocity and falls t o  the walls through a s t a t i c  
e l ec t r i c  f ie ld  which is maintained by the balance of electron and 
ion charges. 
electron density is  assumed t o  vary exponentially with the radial 
, compared t o  the  tube 
P 
P 
Hence each ion i n  the discharge starts from rest or with 
In the analysts of this free f a l l  s i tuat ion,  the 
potential  distribution and i s  given by 39 
I 
0 
03 
(u 
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'3- 0 
(\I (u 
II 
I ) .  
N e ( r )  = NeoexpC-1.155(1-~-(~)2)1 , (4.9) 
where Neo is  the electron density at the tube center. 
When L << R , the motion of the ions toward the walls i 8  no 
P 
longer unimpeded. The ions must now proceed by diffusion. Further, 
the nature of this diffusion depends on the presence of the plasma 
electrons. 
than tha t  of the ions, the electrons attempt t o  diffuse more rapidly 
than the ions toward regions of lower concentration. However, their  
motion is impeded by the space charge field thereby created. This 
same field,  though, has the opposite effect  on the ions and causes 
them t o  diffuse faster than i f  the electrons were absent. The net 
Since the electron d i f f i s ion  coefficient i s  much larger 
resu l t  of this interaction is  that the charged par t ic les  move with 
the same velocity. 
charge polarity and is  termed "ambipolar." 
Thus, the flow of par t ic les  i s  independent of the 
A t  0.1 Torr, Lp was calculated t o  be 0.7mm . To obtain L P 
at the other pressures, the scaling goes inversely with pressure. 
Hence, according t o  the  theory, the present condition is  midway 
between the two extremes. 
distribution (Equation 4.9) t o  the experimental points for 0.1 Torr 
failed since the theoretical  curve f e l l  off too slowly with 
increasing r . 
An attempt t o  f i t  the  free f a l l  density 
If on the other hand ambipolar diffusion is  important, the 
following analysis  applies. 
by the process of electron impact and that  electron-ion recombination 
Assuming that  electrons are produced 
i s  negligible compared t o  ambipolar 
change of the electron density is 
- =  
dt 
where y is  the number 
electron. The quantity 
and is  given further as 
of ionizing 
Da i s  the 
me t 
F-l -e 
diffusion, the time rate of 
(4.10) 
collisions per second per 
ambipolar diffusion constant 
(4.11) 
L 
where Te i s  the electron temperature and pT is  the mobility of 
the ion i n  a background of neutrals. The steady state solution of 
Fn,i~&im 11;10 gives t h R t  the r a d i a l  electron densitv dis t r ibut ion is 
(4.12) 
g o )  where A = 
The extent t o  which the measured electron densit ies for  a 
pressure of 0.1 Torr follow a Bessel function is  demonstrated i n  
Figure 4.16. 
12  Bessel function N e ( r )  = 8.6~10 
t h i s  curve was fi t ted about a center line displaced 0.m t o  the 
le f t  of the presumed tube center. 
The sol id  line drawn through these data points is the 
Jo(l.08r). It w i l l  be noted that 
The cause of this slight 
2 
1 
4 
2 
X 
- cu 
rl 
1 .  ' 
I A I  I I cu 4 
displacement i n  the points i s  more than l i k e l y  due t o  a small e r ror  
i n  the location of the tube center. 
p = 0.05 Torr are displaced s l ight ly  t o  the r igh t ) .  
(In Figure 4.15, the  data for 
If the experimentally observed Bessel function argument, 1.08 
i s  now equated t o  f i  , a value f o r  y can be obtained. Assuming 
an electron temperature of 4O,00O0K (an estimate based on values 
given fo r  narrow-bore argon plasmas) 39,40 arii a value of v+ = 
1.5 cm 2 /volt-sec. (obtained from Basic Data of Plasma Physics), 4 1  
the value of y is determined t o  be y = 2.3~10 3 sec-l. A value 
Da 
f o r  y was not found i n  a search of the literature. Therefore a 
check on the present value is  not available. 
s 
8 
1 
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CHAPTERV 
SUVIMARY AND SUGGESTIONS FOR mpTuRE WORK 
In swmary, the spatially resolved index of refract ion of a 
4mn bore by lorn long argon discharge tube has been investigated 
with a dual wavelength heterodyne interferometer. Measurements 
we= made at pressures of 0.05 Torr, O , l T o r r ,  and 0.3 Torr f o r  U s -  
charge currents of less than one ampere. The index of refract ion 
changes at the two probe wavelengths (A = 6328 A and h = 11523 1) 
caused by a change i n  discharge current have been at t r ibuted primari- 
l y  t o  the production of plasma electrons and metastable at=. 
contribution &an a possible radial gas motion was not observed. 
Thus, equatims w e r e  written for the electron and metastable densi- 
ties i n  terms of the observed index charge at the two probe wave- 
lengths. The resul t ing electron density curves extended through ?he 
or igin and were slightly sublinear functions of current. The curves 
of the t o t a l  metastable atan density vs. current typically rose 
sharply, reached a maximum, then fe l l  off  gradually toward sane leve l  
o r  sanetimes rose again very slightly.  Finally, the  radial distri- 
bution of electrons was studied in the 0.1 Torr discharge f o r  a 
current of 27Qna. 
daninant electron loss process was conflmed t o  be ambipolar diffU- 
sion rather than &e fall t o t h e  walls. 
0 
The 
By the shape of the experimental profile, the 
The suggestims for  €titwe work fall into three general cate- 
93 
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gories: improvements i n  the heterodyne i n t e r f e m t e r ;  additional 
argon studies; and the investigation of other gases o r  gas mixtures. 
The major d i f f icu l ty  with the present heterdyne fnterferaneter 
is the limited bandwidth on the infrared channel, One method f o r  
improving t h i s  condition would be t o  increase the signal-to-noise 
r a t i o  at t h i s  wavelength. This would involve either the use of a 
more sensit ive detector or  offsetting the geanetrical  length of the 
reference laser cavity with respect t o  the signal laser cavity. 
would allow multimode operation and hence permit one t o  u t i l i z e  the 
This 
maximum power available i n  a particular longitudinal mode.  
purpose of using different length cavi t ies  i s  t o  insure tha t  the 
unwanted beat frequencies between the various modes are outside the 
The 
range of the electronics. 
If the signal-to-noise ra t io  at the infrared wavelength can not 
be improved significantly,  an improved demodulation scheme is re- 
quired. 
it would be even less susceptible t o  noise. 
detector, a possible solutionmight be t o  ficrease the bandwidth of 
the f i l ter  located at its input and allow signals over a wider f're- 
quency range t o  enter ,  
%mplWiep could be used t o  detect Just  that portion of the output 
which is synchronous with the modulated plasma tube current. 
scheme assumes, of course, that the present detector w i l l  respond 
properly t o  a signal accanpanfed by additional noise, 
One alternative would be t o  improve the FM detector so that 
U s i n g  the present 
Following the detector, then, a lock-in 
This 
For oscil lo- 
95 
graphic observation the band pass f i l ter  has already been increased 
as much as possible. 
In addition t o  increasing the system bandwidth, the poss ib i l i ty  
of operating at an additional wavelength should be considered. The 
prac t ica l  d i f f i cu l t i e s  of operating at more than two wavelengths 
simultaneously would be unreasonable. However, a run could first be 
made, for example, at the two wavelengths A and B, followed by a 
second run at wavelengths A ard C, Wavelength A is kept cannon t o  
both runs and hence would ac t  as a check on the uniformity of the 
experimental condi t ions 
would be t o  u t i l i z e  the  3.3911, 1152311, and 6328A neon t rans i t ions  
keeping the 11523A, wavelength c m o n .  The 3 . 3 9 ~  laser l i n e  is 
0ne.posslble three wavelength system 
0 0 
0 
suggested since this transi t ion has a very high gain. The problems 
associated with usfig the 3 c 3 9 p  wavelength include detection d i f f i -  
cu l t ies  and the fac t  that the change in the mode pull ing e f fec t  
(i.e., the non-linearity between the wtpu t  and cavity frequencies 
of the laser) will introduce and 8% er ror  in the measurements. 
e r ror  f’rom the mode pull ing effect  at 6328A and 11523A was less 
The 
0 0 
than 2%. 
The applications of a three-wavelength system a re  twofold. 
F i r s t ,  three unknowns could be readily measured. Secondly, i f  only 
two unknowns are important, information at a third wavelength would 
provfde a convenient check. 
The next category listed far fbture work wa6 the continuation 
96 
of studies i n  argon. 
be used t o  check the consistency of the present resul ts .  
the system bandwidth can be significantly increased, measurements 
at higher discharge currents will be possible. 
t ron densit ies,  th is  technique could conceivably be used t o  study 
For example, a three-wavelength system could 
Also, i f  
A t  high enough elec- 
the effect  of excited ions on t h e  refract ive index. 
level  diagram f o r  A I 1  showing t h e  ionic metastable levels is given 
i n  Appendix I. 
A p a r t i a l  energy 
The last area mentioned for f’uture work was the extension of 
these techniques t o  other gases and even gas mixtures. 
Pave not been studied with this system inchide neon, xenon, krypton, 
nitrogen, and carbon dioxide. Partial eneqg level  diagrams for 
neon, xenon, and krypton showing the atomic metastable levels are 
given in Appendix I. 
not use a helium-neon laser system. 
Gases which 
In order t o  study neon, of course, one would 
An alternative might be t o  use 
argon lasers. However, 
neon t ransi t ions within 
it should be noted that there are strong 
U of the  lowest threshold argon laser l ines  
0 
drawback t o  studying xenon and -ton i s  
the scarcity of values f o r  their osc i l la tor  strengths, 
Final ly ,  this interferometer approach could be used fo r  inves- 
tigating gas mixtures. 
11523A wavelength could be used t o  study the destruction of the 
For example, fnformation obtained at the 
0 
helium t r ip l e t  metastable level i n  helium-mercury, helium-argon o r  
helium-carbon dioxide discharges. 
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APPENDIX I 
MISCELLANEOUS INFORMATION ON A I I ,  NeI, &I, AND XeI 
In  Section 2.4, certain energy levels of the argon ion were 
listed. 
levels  is known as the LS coupling notation. 
t h i s  notation is written as nll ( 2s 
single jumping electron and ( 2s + 
Recall that 'hrl is the principal quantum number, R is the  single 
electron's o rb i t a l  angular momentum, 2s + 1 is the multiplicity with 
S being the t o t a l  atom's spin, L is the t o t a l  o rb i ta l  angular momen- 
tum quantum number, and J = IL t SI ,  IL + S I  - 1, .... IL - SI ,  is 
the t o t a l  angular mmntum quantum number. 
which i n  some cases is zsssci~tec! with L indicates a level  with odd 
par i ty .  The lack of a superscript "0" designates an even par i ty  
level.  The prime attached t o  the R value of the excited electrons 
f o r  cer ta in  levels,  implies that the core o r  unexcited part of the 
atom has a quantum number Jc = 2 . The lack of a p r i m  corresponds 
The nomenclature which was used fo r  designating these 
In quantum number form, 
LJ) , where n applies t o  the 
LJ) relates t o  the whole atom. 
The superscript rro'l 
t o  Jc = 2 3 . 
With rvgard t o  Chapter V, the possibi l i ty  of investigating 
additional gases w a s  mentioned. 
and mercury discharges has revealed the importance of metastable 
index of ref'raction contributions, the preliminary aspects of extend- 
ing this research t o  other gases w i l l  involve knowing which levels 
Since experience with argon, helium, 
* 
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i n  these new gases are metastable. 
ionized argon, neutral  neon, neutral luypton, and neutral xenon has 
been obtained as an outgrowth of a literature review which w a s  done 
f o r  the present argon study. 
Appropriate information fo r  
An energy-level diagram f o r  the argon ion is  given in Figure 
M.1. For the purpose of keeping the diagram readable, only those 
levels  having a core with Jc = 2 3 were included. The diagonal lines 
i n  t h i s  diagram indicate that there are numerous levels which have 
the specified type of electron. 
f ive  individual levels having 4s electrons which l i e  within the  
cross-hatched region labelled "4s. 
For example, there are actually 
The AI1 metastable levels shown i n  Figure A l . l  are the 
and 3d D, ,- levels. 
and 3d' F7/2 are mtastable. 
4 In addition: the levels  
They are not listed i n  
2 4 
3d1 2G7/2 9/2 
3- F_._> 3d F -,-- 
- ' ( / 2  I / L '  y z '  I / L  
Figure A l . l  since the core atom associated with these excited states 
has an angular momentum Jc = 2 .  1 
mergy level diagrams f o r t h e  neon, krypton, and xenon atoms are 
given in Figures A l .  2, Al. 3, and A l .  4 ,  respectively. 
neon, the levels 3s(J = 2) and 3s(J = 0) are stable against dipole 
radiation t o  the ground state and hence are metastable. Since a l l  
four of the 3s levels are closely spaced, moreover, the two 3s(J = 1) 
levels  might readily have population densit ies comparable t o  the , 
t rue  mtastable states. 
In  neutral  
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Xenon A t o m  
Krypton also has two levels which %re stable against dipole 
radiation. They are the  5s(J = 2) and 5s(J = 0) states. Again, the 
proximity of the 5s(J = 0) level t o  the higher lying 5s(J = 1) l eve l  
leads one t o  expect a considerable population of atans in the 5s(J = 
1) state. A similar condition ex i s t s  fo r  the lower lying p a i r  of 
5s levels, whereby the density of the other 5s(J = 1) excited state 
would be enhanced by the 5s(J = 2) metastable. 
Finally, the s i tuat ion f o r  xenon is analogous t o  t ha t  fo r  
krypton. The 6s(J = 2)  and 6st(J = 0) levels are metastable, 
whereas the 6sCJ = 1) and 6s'(J = 1) levels  are effectively 
metastable. 
The degree t o  which the radiating "s" levels of the rare gases 
&??e effectfvelyv metastable depends fn part  on whether the resonance 
radiation fl.an these levels i s  trapped. 
resonance trapping depends on the par t icular  discharge conditions, 
a further evaluation of t h i s  effect  is not appropriate here. 
Since, the importance of 
When the M e x  of refraction contribution due t o  metastables 
is calculated for  a given gaseous discharge, it is necessary t o  
know the values of the absorption osc i l la tor  strengths (or  equiva- 
l en t ly  the t rans i t ion  probabilities) fo r  t ransi t ions involving the 
various metastable levels. For A I I ,  osc i l la tor  strengths are given 
in Grim 42 or  the many references listed i n  the National Bureau of 
on Atanic Wmsi t ion  Probabilities. 43 Standards, Biblfwa,phy -
Oscil la tor  strengths fo r  transftfons in neon have been treated 
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extensively. A "best value" listing has recently been published by 
the National Bureau of Standards.44 The atanic  parameters f o r  krypton 
and xenon are less widely available. An up-to-date reference list 
i s  given i n  the National Bureau of Standards bibliography on 
t rans i t ion  probabilities. 45 
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APPENDIX I1 
EXECTRONIC CIRCUITS 
The schematic diagram f o r t h e  SCR inverter  cfrcuft  is given i n  
Figure A2.1. 
30 amperes r .m.s .  The duty cycle of the square-wave current wave- 
form is variable since the "on" and "off" times are both independ- 
ent ly  adjustable from 4ms t o  40 m s .  
This device is capable of handling currents as large as 
The operation of th i s  unit is as follows. Let switch S be 
i n i t i a l l y  open. Once the 30v supply is turned on, the 0.47 Ofd 
capacitor associated with unijunctfon t rans is tor  #1 (UJT #1) charges. 
When suff ic ient ly  charged, this capacitor "fires" WT #l. 
resul t ing pulse t r i ge r s  SCR #land allows current t o  flow from the 
main &OV supply mostiy tirough tne 200 o h  '!aumy!! ioaa. 
assuming that a small keep alive current i s  maintained through the 
laser, the comnutating capacitor Cc charges t o  some 600 vol ts ,  i .e. 
800 vol t s  minus the dfscharge tube operating voltage (% 200 vol ts) .  
If  switch S is now closed, UJT #2 fires and delivers a pulse t o  
t r igger  SCR #2. Once SCR #2 conducts, the s ide of capacitor Cc 
which was at +600 volts  i s  suddenly pulled t o  near 0 vol ts .  
resu l t  is that Cc then attempts t o  drive the anode side of SCR #1 t o  
-600 vol ts .  Although diode D2 keeps this voltage near ground poten- 
t ia l ,  the appearance of a negative-going voltage turns SCR #1 off.  
The 
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Anode 
Resist or 
3OA 
2kv PIV 
2 0 n  
3000Watt Laser 
Cathode 
Res is t o r  
1 D3 D1 
Figure A2.1 SCR Jhverter Circuit 
Thus, wfth SCR #1 off ,  diode D1 is back-biased and WT #1 can again 
f'ire. Meanwhile Cc is once more charged, t h i s  time t o  800 vol ts  
through the 200 52, 3000 Watt resistor.  Hence when WT #1 does fire 
and t r iggers  SCR # 1 t o  conduct, Cc tries t o  drive the anode of SCR 
#2 negative and therefore turns t h i s  SCR off ,  
t he  cathode side of the laser never r e a l l y  goes negative and conse- 
quently removes the danger of d r a m  a disasterously large current 
through the discharge. With SCR #2 off a g a ,  diode D3 i s  back- 
biased and WT #2 can re-fire. The process repeats itself until 
switch S is opened. 
Diode D4 assures that 
In addition t o  the  SCR inverter, a single-shot square-wave 
pulser w a s  used for  regulating the current through the experimental 
argon discharge tubes. The schanatic diagram f o r  this c i r cu i t  is 
given i n  Figure A2-2, Basically, t h i s  device u t i l i z e s  two 2D21 
thyratron tubes for  emtmllirrg a capacitor cl,ischrge acmss the 
plasma tube. 
Finally, a c i rcu i t  designed f o r  precisely turnfng off the dis- 
charge is given in Figure A2.3. 
the magnitude of.  the beat frequency shift associated with the small 
keep a l ive  current. The principal feature o f - t h i s  device is that it 
is controlled by the gate voltage f i a n  an oscilloscope, That is, 
with the scope i n  its single-sweep mode, the twn-off event i s  
initiated by pressing the scope's reset button, The first part of 
the sweep, therefore, corresponds t o  the current "on" condition. 
This c i rcu i t  was used in  determining 
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Following a variable length delay, the SCR is triggered and conducts 
the current away fromthe discharge tube. 
the  scope sweep is  for the current "off" condition. 
switch is used fo r  protecting the SCR when the tube is re-lighted. 
Hence the last par t  of 
The knife 
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